Proteinase Ak.1 was produced during the stationary phase of BaciUus sp. Ak.1 cultures. It is a serine proteinase with a pl of 4.0, and the molecular mass was estimated to be 36.9 kDa by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The enzyme was stable at 60 and 70'C, with half-lives of 13 h and 19 min at 80 and 90'C, respectively. Maximum proteolytic activity was observed at pH 7.5 with azocasein as a substrate, and the enzyme also cleaved the endoproteinase substrate Suc-Ala-Ala-Pro-Phe-NH-Np (succinyl-alanyl-alanyl-prolyl-phenylalaninep-nitroanalide). Major cleavage sites of the insulin B chain were identified as Leu-15-Tyr-16, Gln-4-His-5, and Glu-13-Ala-14. The proteinase gene was cloned in Escherichia coli, and expression of the active enzyme was detected in the extracellular medium at 75°C. The enzyme is expressed in E. coli as an inactive proproteinase at 37'C and is converted to the mature enzyme by heating the cell-free media to 60°C or above. The proproteinase was purified to homogeneity and had a pI of 4.3 and a molecular mass of 45 kDa. The NH2-terminal sequence was Ala-Ser-Asn-Asp-Gly-Val-Glu-, showing the exact signal peptide cleavage point. Heating the proenzyme resulted in the production of active proteinase with an NH2-terminal sequence identical to that of the native enzyme. The characteristics of the cloned proteinase were identical to those of the native enzyme. SDS-PAGE was shown to produce anomalous results with the proenzyme, in contrast to those obtained by isoelectric focusing, which resulted in the conversion of the proproteinase to the mature enzyme in SDS sample buffer, after acid precipitation and in the presence of the serine proteinase inhibitor phenylmethanesulfonyl fluoride.
Bacillus spp. are prolific producers of extracellular hydrolytic enzymes, and in particular their production of subtilisin proteinases has been exploited commercially for use in laundry detergents and for other applications (4) . The strains used to produce enzymes for laundry detergents have been selected for the ability of their proteinases to withstand the harsh conditions that prevail during a wash cycle and the high yield of enzyme obtained in industrial fermentors. The commercial importance of subtilisins has resulted in the intensive study of the structure-function relationships of these enzymes, and protein engineering techniques have been employed to improve their stability and to change their pH profiles and substrate specificities (21) .
We have been studying a number of thermophilic microorganisms that produce extracellular proteinases which may have commercial applications because of their high intrinsic stability to extreme environments (e.g., see reference 14) .
During the culture of such organisms, we have occasionally encountered the contamination of media with thermophilic bacilli that grow at 60 to 70'C. The work described in this report concerns the purification and characterization of a proteinase produced by a contaminating Bacillus sp. and expression of the enzyme in an Escherichia coli host.
The proteinase gene was cloned into E. coli, and cells containing the cloned gene secreted proteinase into the culture medium. The nucleotide sequence and the deduced amino acid sequence of the mature enzyme show that it is a serine proteinase with 69% similarity to thermitase (a thermostable proteinase isolated from Thermoactinomyces vulgaris) and 58% similarity to subtilisin Carlsberg (10) . This observation is unusual in that the majority of Bacillus serine proteinases characterized so far show the most similarity to subtilisin and appear more distantly related to thermitase (e.g., see references 13 and 19) . The complete gene contains both a signal peptide and a prosequence.
The successful expression of extracellular proteinases of Bacillus origin in hosts such as E. coli and Bacillus subtilis in their active conformation has been achieved only by cloning the whole proproteinase gene. This is in contrast to enzymes such as staphylococcal nuclease in which the prosequence can be replaced by a signal peptide of an outer membrane protein of E. coli and result in the excretion of active enzyme (16) . All proteinases of Bacillus sp. origin (both serine type and metallotype) so far described have only been expressed in their active conformation when a complete prosequence is present (7-9, 15, 18-20) .
The signal peptide anchors the protein in the membrane and is removed by a signal peptidase that results in secretion of the protein (3) . However, the prosequence acts as a template which directs the correct folding of the protein (22) and is removed by an autocatalytic mechanism, resulting in the formation of the active mature enzyme. Although the proproteinase should be secreted prior to the removal of the prosequence, proproteinases have not been isolated from cell-free media (15) . If mature subtilisin is expressed without the prosequence, mature enzyme accumulates inside the cell or periplasmic space as inactive aggregates (22 The native and activated engineered proteinases were purified from concentrates by hydrophobic interaction chromatography over phenyl-Sepharose fast flow (Pharmacia) and anion-exchange chromatography with a Mono-Q 10/10 fast protein liquid chromatography column (Pharmacia). The concentrates were each applied to a 50-ml phenyl-Sepharose column (2.5 by 10 cm) equilibrated in TES buffer at a flow rate of 3 ml/min. The column was washed with TES buffer alone and then with TES buffer containing 20% (vol/vol) ethylene glycol, and these fractions were discarded. Proteinase activity was eluted with TES buffer containing 50% (vol/vol) ethylene glycol.
The 50% ethylene glycol fractions were desalted and concentrated by ultrafiltration with diethanolamine buffer (10 mM diethanolamine [pH 8.5], 5 mM CaCl2, 0.01% [vol/vol] Triton X-100). Each of the concentrates was applied to a Mono-Q 10/10 fast protein liquid chromatography column (Pharmacia) equilibrated in diethanolamine buffer and eluted with a 160-ml linear gradient of 0 to 0.5 M NaCl in diethanolamine buffer at a flow rate of 4 ml/min. Fractions (4 ml) containing proteinase activity were pooled, ultrafiltered, concentrated in TES buffer, and then stored at -20°C until required.
Forty milliliters of the unactivated proteinase concentrate was applied to the phenyl-Sepharose column as described above. Aliquots, 1 ml, of all fractions were heat activated overnight at 60°C, and the unbound material was found to contain the proteinase activity. This fraction was desalted and concentrated by ultrafiltration (YM10 membrane; Amicon) into diethanolamine buffer and applied to a HiLoad Q 26/10 column (Pharmacia) equilibrated in the same buffer. The unactivated proteinase was eluted with a 600-ml linear gradient of 0 to 0.3 M NaCl in diethanolamine buffer at a flow rate of 5 ml/min. Aliquots of all fractions were tested for proteinase activity at 70°C, and active fractions were pooled, desalted into TES buffer, and stored at -20°C.
Electrophoresis. Proteinase samples were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on 10 to 15% gradient Phastgels, using the Pharmacia Phast System. The standard marker proteins used to estimate molecular mass were Sigma's SDS-7. Samples were prepared for electrophoresis by acid precipitation with an equal volume of 20% (wt/vol) trichloroacetic acid. Precipitated protein was pelleted by centrifugation at 13,000 x g for 10 min, and the supernatant was discarded. The pellet was then washed with cold acetone and recentrifuged, the supernatant was discarded, and the pellet was dried in vacuo. Precipitated samples were then resuspended in SDS Effect of inhibitors and pH on proteinase Ak.1 activity. The purified native and heat-activated recombinant proteinases were diluted with HEPES buffer containing 0.01% (vol/vol) Triton X-100 to a concentration of approximately 500 U/ml. Inhibitors were added (concentrations given in text) to the proteinase preparations and mixed, and the preparations were left at room temperature for 30 min. Residual proteinase activity was assayed at 75°C with azocasein. To determine the effect of pH on activity, the proteinases were assayed at 75°C with 0.2% (wt/vol) azocasein in the following buffers: 10 mM MES (morpholine ethanesulfonic acid) (pH 3.5 to 6.5), 10 mM HEPES (pH 6.5 to 8.0), 10 mM CHES (pH 8.0 to 10.0), 10 mM CAPS (pH 10.0 to 11.0). All buffers contained 5 mM CaCl2 and 0.01% (vol/vol) Triton X-100 except CAPS, which contained 1 mM CaCl2 and 0.01% (vol/vol) Triton X-100. Thermostability studies. All thermostability studies were performed at proteinase concentrations of approximately 500 U/ml and in HEPES buffer. To assess the effect of calcium on thermostability, 500 mM EDTA was added to a final concentration of 10 mM immediately prior to incubation. Experiments were performed in 1.5-ml plastic reaction tubes, from which samples were removed throughout the time course. These were left on ice until assayed for proteinase.
Activity of proteinase Ak.1 against azocasein, oxidized insulin B chain, and Suc-Ala-Ala-Pro-Phe-NH-Np. The effect of substrate concentration on the activity of the modified and native proteinases was determined with substrate concentrations from 0.04 to 2.0% (wt/vol) azocasein in HEPES buffer.
The cleavage sites of the oxidized insulin B chain hydrolyzed by the recombinant proteinase Ak.1 were determined essentially as described before (14) . Insulin B chain (1 mg/ml) was incubated with 6 U of proteinase (1:10,000, wt/wt) in 1 ml of HEPES buffer at 70°C. Samples, 100 ,ul, were removed after 1, 3, and 6 h of incubation, and the reaction was stopped with 0.2 ,ul of 6 M HCI. Peptides were then separated by reverse-phase high-performance liquid chromatography and collected for amino acid analysis. Hydrolysis of peptides was with 6 M HCI containing 0.5% (vol/vol) phenol in evacuated tubes that had been flushed three times with oxygen-free nitrogen. The resulting amino acids were derivatized and separated by the Picotag method (1). The cleavage sites were determined from the amino acid composition of the collected peptides and comparison to the amino acid sequence of oxidized insulin B chain. A comparison was made with the native enzyme by comparing the peptide maps of both enzymes under identical conditions. A comparison was also made with Rt41A proteinase, a thermostable serine proteinase isolated from a Thermus sp. (17) .
Activity against Suc-Ala-Ala-Pro-Phe-NH-Np was determined at 70°C in a Perkin-Elmer Lambda 3B spectrophotometer fitted with a thermoelectric five cell holder. Stock peptide was prepared in 50 mM HEPES-NaOH (pH 7.5), containing 5 Induction of proteinase Ak.1 gene expression in E. coli PB5517 with 1 mM IPTG resulted in a threefold increase in proteinase activity compared with the uninduced control. After induction, proteinase production was concomitant with growth ( Fig. lb) , and the apparent activity peaked 8 h after induction at 22 U/ml (optical density at 650 nm = 3.4).
Heat activation of the recombinant proteinase Ak.l. After growth, the cell-free supernatant was concentrated approximately 20-fold and desalted in TES buffer. A 15-min heat treatment at 75°C resulted in the precipitation of mesophilic protein with no apparent loss of enzyme activity. Heat treatment of the resulting supernatant over an extended period resulted in an increase in the proteinase activity. At 60°C, a 15-fold increase in the activity of the recombinant proteinase was observed in the concentrated cell-free supernatant over a period of 24 h (Fig. 2) . Complete activation occurred after 15 h at 60°C, 2 h at 70°C, and 1 h at 80°C. The activation was independent of proteinase concentration and was shown to have first-order kinetics, indicating that the reaction was intramolecular. The reaction had half-lives of 4 .33 h at 60°C and 53 min at 70°C, and the rate constant, k, was calculated to be 0.16 h-1 at 70°C and 0.78 h-' at 60°C.
No activation of proteinase activity was observed in the concentrated cell-free supernatant obtained from the native organism and treated under identical conditions.
Although such activation of proteinase activity has not been observed in cell-free media before, activation of aqualysin 1, a thermostable serine proteinase, was observed when a membrane preparation from an E. coli recombinant containing the proteinase gene was heated to 65°C. This activation was due to autocatalytic removal of NH2-and COOHterminal prosequences (17) . The kinetic data obtained from the activation of proteinase Ak.1 in cell-free supernatants of E. coli indicate that a precursor of the mature enzyme (probably the inactive proenzyme) was secreted into the culture media, and this is converted at elevated temperatures to the mature active proteinase by an intramolecular mechanism.
Purification. The native and heat-activated recombinant proteinases Ak.1 behaved in an identical manner throughout their purification over phenyl-Sepharose fast flow and Mono-Q 10/10 columns (Table 1) . Purification over phenylSepharose increased the specific activity of the native and recombinant proteinases to 17,300 and 22,200, respectively. Subsequent chromatography over Mono-Q 10/10 increased the specific activity only slightly, with the major peak detected corresponding to the proteinase activity in both cases (data not shown). Overall, the native enzyme was purified by a factor of 3.4 and had a final specific activity of 21,200 compared to 25,800 in the recombinant enzyme, which was purified 7.7-fold. The difference in purification factors between the recombinant and the native enzymes can be accounted for by the higher specific activity of the native enzyme preparation prior to purification. In contrast, the unactivated enzyme did not bind to phenyl-Sepharose, but it behaved similarly over Mono-Q, eluting at a concentration of 0.18 M NaCl. We have demonstrated (unpublished results) that a number of extracellular proteinases bind strongly to phenyl-Sepharose in the absence of salt and are only eluted with 50% ethylene glycol. Such tight binding suggests an affinity interaction with the phenyl ligand (rather than a nonspecific hydrophobic interaction), and we suggest that this is likely to be with the S, substrate-binding site of these enzymes, which, in the subtilisins, is a hydrophobic pocket with a preference for aromatic or aliphatic amino acids (11) . The fact that the unactivated enzyme did not bind to phenyl-Sepharose suggests that it is either not in the conformationally correct state or access to the S, hydrophobic binding pocket is restricted. Access to the S, binding pocket could be restricted by the presence of the propeptide on the inactive enzyme, and although the exact location of the propeptides is unknown, it has been proposed that the highly charged propeptide of subtilisin masks the hydrophobic substrate-binding cleft, thus preventing substrate and inhibitor access to the active site (7) .
Characteristics of the recombinant and native proteinase Ak.l. The purified native and the heat-activated recombinant proteinases were present as the major protein band on SDS-PAGE with an apparent molecular mass of 36.9 kDa (Fig. 3a) and as a single band with a pl of 4.0 on IEF gels (Fig. 3b) . Native PAGE on 8 to 25% T Phastgels (Pharmacia) showed that the enzyme was monomeric, with a molecular mass of less than 50 kDa (results not shown). In contrast to the activated enzyme, the unactivated recombinant proteinase appeared as two protein bands on SDS-PAGE (see Fig.  6 ), one at the same molecular mass as the activated enzyme and the other with a molecular mass of 45 kDa. However, the unactivated enzyme appeared as a single band after IEF, with a pI of 4.3 (see Fig. 7 ).
The NH2-terminal amino acid sequence of the native and heat-activated recombinant proteinase was Trp-Thr-ProAsn-Asp-Thr-Tyr-Tyr-Gln-Gly-Tyr-Gln-Tyr-Gly-Pro-Gln- (18) and is comparable to serine proteinases isolated from Thermus spp. growing at 70°C and above (14) .
The effects of pH on the activity of the recombinant and native proteinases were identical. Maximum activity against azocasein was observed at pH 7.5, with 90% or more of this activity retained from pH 7.5 to 9.0 and 50% or more retained from pH 6.0 to 10.0. No activity was detected above pH 11.0, while there was approximately 15%o activity from pH 5.0 down to pH 3.5.
Both the native and recombinant proteinases were sensitive to inhibition by phenylmethanesulfonyl fluoride (PMSF), which caused complete inhibition of activity at a concentration of 1 mM after 30 min at room temperature, indicating that Ak.1 is a serine proteinase. Iodoacetate at 100 ,uM reduced activity by 10% in both enzymes, but the following inhibitors were not effective at the concentrations used: EDTA (10 mM), tosyl lysine chloromethane (100 p.M), tosyl phenyl chloromethane (100 ,uM), and pepstatin (1 ,uM) .
Activity against azocasein, oxidized insulin B chain, and Suc-Ala-Ala-Pro-Phe-NH-Np. The effect of substrate concentration on proteinase Ak.1 was investigated by using azocasein. Maximum proteolytic activity was observed at 0.2% (wt/vol) azocasein, and substrate inhibition occurred at substrate concentrations greater than this. Both the recombinant and native enzymes had an apparent Km of 0.04% (wt/vol) azocasein. In common with other subtilisin-like proteinases, proteinase Ak.1 was active against Suc-AlaAla-Pro-Phe-NH-Np, indicating an endoproteinase mode of action. It had an apparent Km of 2 mM and no other products were detected by high-performance liquid chromatography, showing that only the p-nitroanalide bond was cleaved.
The cleavage of the oxidized insulin B chain by proteinase Ak.1 after a 3-h digestion at 70°C and comparison with a number of other subtilisin-like thermostable serine proteinases is given in Fig. 4 . From a time course of cleavage, it was determined that the first bond cleaved was Leu-15-Tyr-16 and the second bond cleaved was Gln-4-His-5, both of which were major points of cleavage for all proteinases shown. However, the third major site of cleavage was Glu-13-Ala-14, and this was only a minor site for aqualysin 1 (12) , Rt41A proteinase (14) , and proteinase K (see reference 12) and was not cleaved by thermitase or subtilisin (see reference 12). This indicates that negatively charged side groups can be accommodated at the S1 enzyme subsite more readily than in the other thermostable proteinases shown. After 3 h the digestion of the remaining peptides occurred at a much reduced rate, with little difference between the 3-and 6-h peptide maps. In particular, the Tyr-16-Ala-30 peptide was resistant to attack by proteinase Ak.1, with 51% still remaining after 24 h of incubation. This was in contrast to a control incubation with Rt41A proteinase in which digestion of the Tyr-16-Ala-30 peptide, at the Phe-24-Phe-25 bond, was apparent after 3 h of incubation and was complete within 24 h. The results show that, although proteinase Ak.1 was apt to cleave the two major sites for all proteinases shown, its ability to completely digest the insulin B chain was rather restricted compared with Rt41A proteinase, aqualysin 1, and proteinase K. The reduced activity towards the Tyr-16-Ala-30 peptide was similar to those of thermitase and subtilisin in which only minor cleavage sites were identified (see reference 12 Processing of proteinase Ak.1 in E. coil and in vitro. In the pNZ1917 construct, the proteinase Ak.1 gene is expressed as a fusion protein with the first 38 amino acids of the lacZ gene product (Fig. 5) . The derived amino acid sequence of the complete proteinase gene (10) contains a signal-like peptide of 21 amino acids that would be recognized by the E. coli signal peptidase I (3). Following the signal peptide there is a stretch of 97 amino acids rich in charged residues that is believed to be the propeptide. This sequence terminates at a site that corresponds to the NH2-terminal amino acid sequence of the native enzyme and the heat-activated recombinant proteinase (see above). It was proposed that the recombinant proteinase is secreted into the culture medium as the inactive proenzyme after the signal peptide (with fused lacZ protein) is removed by the signal peptidase of E.
coli.
When the purified unactivated proteinase was analyzed by SDS-PAGE, two bands were apparent (Fig. 6) Fig. 7b ). If the proenzyme is incubated for 2 h at 70°C and then analyzed by IEF, there is complete conversion of the proenzyme to the mature enzyme, resulting in a shift in the pl from 4.3 to 4.0 (see Fig. 7b ). When the proenzyme was analyzed by SDS-PAGE after heat treatment for 3 h at 70°C, conversion to the mature enzyme was also observed, but also evident was a band migrating at the dye front, probably containing the propeptide and some autolytic fragments (Fig.  6 ). Autolytic fragments were also observed, after SDS-PAGE, when the mature enzyme was incubated under identical conditions (Fig. 6) the mature proteinase upon analysis by SDS-PAGE (Fig.  7a ). This was also observed for prosubtilisin (7) and was proposed to be either because of the restricted access of PMSF to the active-site serine (masked by the propeptide) or because conversion of the proenzyme to the mature enzyme occurs by a mechanism not involving the active-site serine. In contrast to the results obtained by SDS-PAGE, when proproteinase Ak.1 was analyzed by IEF following incubation for 0.5, 1, and 2 h at 70°C with PMSF, conversion to the mature enzyme was inhibited (Fig. 7b) .
These anomalous results obtained with PMSF-treated proenzyme, after SDS-PAGE, together with the observation that mature proteinase appears only in proenzyme samples analyzed by SDS-PAGE, and not by IEF (see Fig. 6 , lane 3, and Fig. 7 , lane 7, respectively), can be explained in two ways. First, although the proenzyme is prepared by acid precipitation prior to SDS-PAGE (see Materials and Methods), neutralization in SDS sample buffer may result in the correct refolding of the proenzyme, and during heating there is then some conversion to the mature enzyme prior to denaturation. This problem is likely to be more acute for a thermostable proproteinase due to its intrinsic stability to heat and the denaturants present in SDS-PAGE sample buffer. The results in the presence of PMSF are also readily explained if one considers conditions under which PMSFsulfonylated serine proteinases undergo desulfonylation. In a study of the reaction of PMSF with chymotrypsin, Gold and Fahrney (5) showed that PMSF-sulfonylated chymotrypsin undergoes desulfonylation under a variety of conditions that can result in the restoration of enzyme activity. At 40°C, they demonstrated that desulfonylation occurs above pH 8.5 and below pH 3.0, and the enzyme regained activity when allowed to stand at pH 7.0. In addition, the desulfonylation reaction in 8 M urea was pH independent, demonstrating that the unfolded enzyme rapidly undergoes desulfonylation. We propose that, at least in the case of proteinase Ak.1, the apparent conversion of the proenzyme to the mature enzyme, when the sample is analyzed by SDS-PAGE, is an artefact of sample preparation. Neutralization of the aciddenatured proenzyme results in the correct refolding of enzyme, and then some conversion to the mature enzyme occurs during heating in SDS-PAGE sample buffer prior to denaturation. For the PMSF-inhibited proenzyme, desulfonylation during acid precipitation and during heating in SDS-PAGE sample buffer (conversion to mature enzyme also occurs in PMSF-treated proenzyme not prepared by acid precipitation) would result in the reactivation of the inhibited proenzyme, so that conversion to the mature enzyme can occur during heating in SDS-PAGE sample buffer.
